Only after injury, or perhaps prolonged exposure to cold that is sufficient to numb the fingers, do we suddenly appreciate the complex neural mechanisms that underlie our effortless dexterity in manipulating objects. The nervous system is capable of adapting grip forces to a wide range of object shapes, weights and frictional properties, to provide optimal and secure handling in a variety of potentially perturbing environments. The dynamic interplay between sensory information and motor commands provides the basis for this flexibility, and recent studies supply somewhat unexpected evidence of the essential role played by cutaneous feedback in maintaining and acquiring predictive grip force control. These examples also offer new insights into the adaptive control of other voluntary movements.
It is probably fair to say that if finger movements were controlled purely on the basis of sensory feedback, they would be too slow and clumsy to be of much use. A child struggling to tie his shoelaces illustrates our dependence on feedback during the early stages of skill acquisition. As Lashley pointed out many years ago, skilled musicians perform finger movements that are too rapid to be sequentially triggered through feedback [1] . Engineering control theorists have long known that rapid adaptability requires some means of anticipating changing conditions rather than reacting to changes in the environment through error-detecting feedback loops. Movement control by the nervous system is shaped by sensory input that enables motor commands to be adapted to the current constraints of a task. This process has been studied extensively in motor control neurophysiology by examining different forms of movement, from relatively immutable reflexes to highly variable voluntary movements. For all animals that are capable of voluntary movement, coordinated motor activity results from a combination of anticipatory and feedback control, and this integration forms the basis of movement adaptability.
Sensory information from cutaneous, proprioceptive and visual afferents is crucial for skilled grasping. The size-weight illusion powerfully demonstrates the influence of visual cues in object manipulation: a small object is consistently perceived to be heavier than a larger object of the same weight due to an expected relationship between size and weight. This perception of heaviness initially influences grip force scaling [2] . As important as vision is, it is of little help in determining the friction against the fingers once the fingers have grasped an object. Consequently, this review focuses on the contribution of cutaneous afferents. It includes recent additional evidence for the fundamental and complementary roles of anticipation and feedback in the control of precision grasping that underlies the rapid adaptation to different objects in different environments. Cutaneous afferents are proposed to have several functions in the acquisition, maintenance and decay of anticipatory grip force modulation that demonstrate their role in such adaptive control. Although predictions are learned, continual cutaneous input remains crucial for skilled object manipulation.
Precision grip as an experimental model for skilled movement control
The ability to grasp an object precisely between the thumb and index finger enables humans and some other primates to perform a wide range of complex and delicate hand movements. Flexibility is an essential aspect of the dexterous manipulation of small and delicate objects, and the skilful use of tools extends the functions of the hand still further. The biomechanical advantage of an opposable thumb, combined with direct cortical control and abundant sensory feedback, enable an amazing diversity of hand movements. Lawrence and Kuypers [3] demonstrated the importance of direct connections between the cerebral cortex and the motoneurons of the hand by showing that transection of the bulbar corticospinal tract led to a loss of the ability to make relatively independent finger movements. A combination of anatomical, physiological and behavioural evidence suggests that the motor cortex, and in particular the cortex-motoneuron pathway, is essential for precise and nimble object handling [4] .
In addition to this strong cortical control, the glabrous skin of the hand is densely innervated with specialized
